The homeobox genes ladybird in Drosophila and their vertebrate counterparts Lbx1 genes display restricted expression patterns in a subset of muscle precursors and are both implicated in diversification of muscle cell fates. In order to gain new insights into mechanisms controlling conserved aspects of cell fate specification, we have performed a gain-of-function (GOF) screen for modifiers of the mesodermal expression of ladybird genes using a collection of EP element carrying Drosophila lines. Amongst the identified genes, several have been previously implicated in cell fate specification processes, thus validating the strategy of our screen. Observed GOF phenotypes have led us to identification of an important number of candidate genes, whose myogenic and/or cardiogenic functions remain to be investigated. Amongst them, the EP insertions close to rhomboid, yan and rac2 suggest new roles for these genes in diversification of muscle and/or heart cell lineages. The analysis of loss and GOF of rhomboid and yan reveals their new roles in specification of ladybird-expressing precursors of adult muscles (LaPs) and ladybird/tinman-positive pericardial cells. Observed phenotypes strongly suggest that rhomboid and yan act at the level of progenitor and founder cells and contribute to the diversification of mesodermal fates. Our analysis of rac2 phenotypes clearly demonstrates that the altered mesodermal level of Rho-GTPase Rac2 can influence specification of a number of cardiac and muscular cell types including those expressing ladybird. Finding that in rac2 mutants ladybird and even skipped-positive muscle founders are overproduced, indicate a new early function for this gene during segregation of muscle progenitors and/or specification of founder cells. Intriguingly, rhomboid, yan and rac2 act as conserved components of Receptor Tyrosine Kinases (RTKs) signalling pathways, suggesting that RTK signalling constitutes a part of a conserved regulatory network governing diversification of muscle and heart cell types. q
Introduction
Early events of muscle and heart formation are conserved during evolution (Baylies and Michelson, 2001; Chen and Fishman, 2000; Taylor, 2002) , and Drosophila, as an easyto-handle model, has taken a large part in the comprehension of the mechanisms involved. In Drosophila, each step including delineation of promuscular and precardiac territories is governed by coordinated action of extrinsic signalling molecules and mesoderm-specific transcription factors. The homeobox gene tinman (tin) is required to make dorsal mesoderm capable of forming heart, dorsal muscles and visceral musculature (Azpiazu and Frasch, 1993; Bodmer, 1993) . The dorsally restricted expression of tin depends on Decapentaplegic (Dpp), a TGF-b member secreted from adjacent epidermal cells (Frasch, 1995) . In parallel, epidermal Wingless (Wg) expression delimits the anterior part of each mesodermal segment while Hedgehog (Hh) is thought to give a posterior identity (Azpiazu et al., 1996; Park et al., 1996) . Different combinations of Dpp, Wg and Hh signaling together with tissue-specific mesodermal factors set up different competence domains. For example, in the anterior compartment, the cardiac domain is specified by an interplay of Wg/Dpp/Tin activities (Lockwood and Bodmer, 2002) . This domain is refined into clusters of equivalent cells by the combined action of Receptor Tyrosine Kinases (RTKs), the Epidermal Growth Factor Receptor (EGFR) and the Fibroblast Growth Factor Receptor (FGFR) (Carmena et al., 1998a) , that act through a common Mitogen-Activated Protein Kinases (MAPK) pathway. One of such a cluster expresses homeodomain transcription factor Even-skipped (eve). In response to EGF signals (Buff et al., 1998; Carmena et al., 1998a) and to the lateral inhibition mediated by Notch (N) (Brennan et al., 1999; Park et al., 1998) eve expression becomes restricted to two progenitors. The first gives rise to two eve-positive pericardial cells (EPC) and the second to the eve-positive dorsal acute muscle 1 (DA1). It has been previously shown that an ectopic activation of Ras/MAPK pathway leads to an increased number of DA1 progenitors (Carmena et al., 1998a) . ETS proteins Pointed (Pnt) and Yan are terminal effectors of this pathway and modifications of their expression result in severe changes in eve pattern. Embryos with loss of pnt function show reduction of both eve-cardiac and muscular cells, whereas loss of yan function leads to an increased number of these cells (Halfon et al., 2000) . Within the same competence domain are segregated tin-positive cardiac progenitors, from which arise two cardioblasts and two pericardial cells that express the homeobox genes ladybird (lb) (Jagla et al., 1997a) . In wild type embryos, the heart cells never co-express lb and eve because of crossrepressive interactions between these two cell-identity genes (Jagla et al., 2002a) . Similarly, in the lateral part of the embryo, the lb-positive promuscular clusters give rise to progenitors from which arise the segmental border muscle (SBM) and the lateral adult precursors (LaPs) (Jagla et al., 1998; Knirr et al., 1999) . Interestingly, both eve and lb genes have their counterparts involved in cell fate specification processes during vertebrates embryogenesis. Especially, the mouse and the zebrafish ladybird genes were found to play an important role in specification of appendicular muscle precursors (Brohmann et al., 2000; Gross et al., 2000; Neyt et al., 2000) . This makes of particular interest the identification of genes controlling the cell fate specification functions of lb genes.
In order to identify modifiers of mesodermal expression of lb/Lbx1 genes, we have performed a GOF screen in Drosophila. We have used a collection of EP lines generated by P. Rørth (Rørth, 1996) and a 24B-GAL4-effector line that drives expression of genes in all mesodermal cells. An important number of candidate genes, whose pan-mesodermal expression alters specification of lb-and/or eve-positive mesodermal lineages, has been identified. Interestingly, amongst them are three RTK signalling components, rhomboid (rho), yan and rac2. Rho is required for maturation and subsequent release of EGF-like signals (Urban et al., 2002) whereas the ETS transcription factor Yan functions as a negative effector of RTK signalling (Gabay et al., 1996; Guichard et al., 1999) . The small RhoGTPase Rac2 is known to contribute to RTK pathway by regulating the activity of Extracellular Signal-Regulated Kinase (ERK) and c-Jun N-terminal Kinase (JNK) (Frost et al., 1996) . It has also been suggested that the RhoGTPases control the intracellular RTK trafficking (Van Aelst and D'Souza-Schorey, 1997). A recent report (Hakeda-Suzuki et al., 2002) indicates that rac2 in Drosophila play an important role in muscle fusion.
In view of all these information, our data suggest new roles for rho and yan in the acquisition of lineage-specific identity of lb-positive heart and muscle cells. We also demonstrate that rac2 is required for the proper specification of cardiac and muscular cell fates. This finding indicates that in addition to the previously described involvement in muscle fusion (Hakeda-Suzuki et al., 2002) rac2 functions in early events of myogenesis. Importantly, rho, yan and rac2 were evolutionarily conserved, thus indicating potential roles of their homologues in diversification of vertebrate heart and muscle precursors.
Results

Strategy of the screen and identified candidate genes
In performed gain-of-function (GOF) screen, we have used the collection of the 2293 EP lines established by P. Rørth (Rørth, 1996) . Each line has a single insertion of a P element that carries a promoter at its 3 0 end driven by the UAS sequences (EP). When a source of GAL4 protein (Brand and Perrimon, 1993 ) is supplied, transcription starts in the transposable element and continues in the adjacent genomic region. As the majority of the P elements insert in 5 0 untranslated regions (Liao et al., 2000) , they are supposed to produce transcripts able to code for a functional protein of the closest gene (Rørth et al., 1998) . In our screen, we have chosen to cross the EP lines with the pan-mesodermal 24B-GAL4 effector line (Brand and Perrimon, 1993) . It induces candidate gene expression in the myogenic lineage, including cardiac and somatic mesoderm at the time the cell fate specification is initiated (Fig. 1A) , and continues to be expressed during heart and muscle morphogenesis (Fig. 1B) . This strategy followed by the confocal microscopy assisted scoring of lb and eve-positive heart and muscle cells (schematically represented in Fig. 1C ), has lead to identification of a number of potential lb and eve regulators.
From the 2293 analysed EP lines, 84 were found to exhibit an altered profile of lb and/or eve mesodermal expression. This represents about 4% of the P. Rørth EP collection, a value close to those obtained in previously described GOF screens (Abdelilah-Seyfried et al., 2000; Kraut et al., 2001; Pena-Rangel et al., 2002; Rørth, 1996; Rørth et al., 1998) . Computer assisted analysis of genomic regions adjacent to these EP elements allowed to define 60 lines with EP insertions upstream of 31 known genes, in the right orientation to induce their over-expression (Table 1) . The remaining 24 lines carried EP insertions close to 18 predicted genes (Table 2) . Interestingly, 84% of the candidate genes have vertebrate homologues suggesting they may contribute to conserved myogenic pathways. In order to confirm that the EP GOF phenotypes result from the mesodermal over-expression of the candidate gene, we performed one of the following tests: (i) detection of panmesodermal expression of the gene in 24B-GAL4 . EP embryos using specific antisense RNA probe or a specific antibody; (ii) comparison of the candidate gene expression levels in wild type and in 24B-GAL4 . EP embryos using RT-PCR; (iii) comparison of the 24GAL4 . EP phenotype with that observed in embryos carrying the UAS-cDNA construct of the candidate gene. The EP lines that have been tested by one of these methods and revealed the over-expression of the candidate gene are written in bold in Table 1 .
The biochemical properties of identified gene products reveal that the majority of candidate genes code for DNA or RNA binding factors or signal transduction components.
To the most interesting candidates belong extra-macrochaetae (emc) encoding a Helix -Loop -Helix (HLH) transcription factor devoid of the basic DNA-binding domain. This particular structure of the protein allows the HLH-dependent dimerisation with other bHLH transcriptional regulators but, due to the absence of DNA-binding domain, prevents the complex to be active, thus imposing repressive activity for Emc (Garrell and Modolell, 1990; Cubas et al., 1994) . The EP insertions upstream of emc, when crossed with 24B-GAL4 driver, exhibit a reduction in the number of both lb-positive and eve-positive muscle and heart cells (Table 1) . This suggests that Emc might function in the mesoderm by sequestering general myogenic bHLH factors. In this view, Twist appears as a good candidate for heterodimerisation with Emc, a possibility that remains to be tested.
Amongst the identified signal transduction components, numb (nb) is involved in asymmetric cell division, and is known to repress Notch signalling pathway (Guo et al., 1996; Spana and Doe, 1996) . The phenotypes generated in 24B-GAL4 . EP(2)2542 embryos by over-expression of Nb (Table 1) , are reminiscent of its previously described role in diversification of heart (Carmena et al., 1998b; Ward and Skeath, 2000) and muscle (Jagla et al., 1998) lineages, thus validating the strategy of our screen.
Similarly, the EP lines carrying insertions upstream of hedgehog (hh) and encoding its receptor patched ( ptc) (Table 1) exhibit strong opposite GOF muscle phenotypes, which are in agreement with requirement for Hh signals in the specification of SBM founder cells (Jagla et al., 1998) .
Amongst the signal transduction components, we have identified string (stg) known to control G2/M transition of mitotic cell cycle. Mesodermal overexpression of stg leads to increased number of SBM forming cells (Table 1 and data not shown), suggesting that stg controls proliferation of muscle cells. To determine whether stg is expressed in SBM founder cells and/or fusion competent myoblasts, we performed double Lbe/LacZ staining on stg-LacZ embryos (Lehman et al., 1999) . As we were unable to detect colocalisation of Lbe and LacZ proteins in the lateral somatic mesoderm (data not shown), we conclude that the observed GOF phenotype does not reflect stg function in lb-expressing muscle cells. Rather it results from the capacity of these cells to respond to ectopic expression of stg.
In contrast to stg, strong GOF phenotypes, consistent with the expression of adjacent genes, are generated in embryos carrying EP insertions upstream of rhomboid (rho), yan and a RHO GTPase rac2 (Table 1 , see also .
Surprisingly, amongst the identified candidates affecting muscle fate specification involved in myoblast fusion is rolling stone (rost) ( Table 1 ). In some segments of 24B-Gal4 . EP(rost) embryos (about 25% of segments), we observe duplication of SBM (data not shown) suggesting that rost may play a role in diversification of muscle precursors. This potentially novel early function of rost is in agreement with its expression in muscle founder cells (Paululat et al., 1997) , which largely precedes the first fusion events. Altogether, in the category of previously described genes our GOF screen has led to the identification of candidates implicated in all major cellular functions, ranging from signal emission and reception to its transduction and regulation of target gene expression. Importantly, a large number of identified genes have their vertebrate homologues (Table 1) suggesting they might contribute to conserved myogenic pathways. To this pool of candidates belong rho, yan and rac2 acting in evolutionarily conserved RTK pathways.
Rho and yan control diversification of lb-positive muscle cell types
The phenotypes induced by two EP insertions that map close to EGF signalling component rho and a negative RTK effector yan (Table 1) indicate new specific roles for rhotriggered EGF signalling pathway. The EGF and the FGF signals act through a common Ras/MAPK cascade, and are known to be required for the formation of clusters of equipotent cells from which the individual muscle and heart progenitors segregate (Buff et al., 1998; Carmena et al., 2002 Carmena et al., , 1998a Halfon et al., 2000; Michelson et al., 1998b) .
Embryos issued from the cross of 24B-GAL4 driver line with the EP(3)3704 (EP(rho)) line exhibit a high number of 
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In yeast binds to poly(A)-RNA essential for cell survival lb-positive cells in lateral mesoderm. In this area, lb is expressed in two cell types: the segmental border muscle and the two lateral precursors of adult muscles (LaPs) that coexpress lb and twi ( Fig. 2A) . 24B-GAL4 . EP(rho) embryos doubly stained for Lbe and Twi, reveal a massive overproduction of LaPs (arrowheads in Fig. 2B ) at the expense of SBM fiber (asterisks in Fig. 2B ) even if the lb-only expressing SBM founders can be detected (open arrowheads in Fig. 2B ). The influence of rho on the specification of lbpositive muscle cells is confirmed by the opposite phenotypes detected in rho mutants (Fig. 2C) . The supernumerary lb-expressing cells in rho gain-of-function embryos resemble those previously described in neurogenic mutants (Corbin et al., 1991; Jagla et al., 1998) , indicating that the ectopic activation of EGFR pathway may affect Notch-mediated lateral inhibition. This is in agreement with opposing activities of Ras/MAPK and Notch signalling during singling out of eve-positive progenitor cells (Carmena et al., 2002) . The highly increased number of LaPs comparing to SBM founders suggests in addition, that the rho/EGFR pathway is also involved in asymmetric division of lb-expressing muscle progenitors. This Rho/EGFR function might result from antagonistic interactions with Notch pathway as well. In this respect, we were interested to understand why rho has the capacity to promote specification of a subset of nondifferentiated adult muscle precursors. As rho is required in ligand processing Urban et al., 2001) , it is expected to act in a cell adjacent to that in which the phenotype is observed. Thus, to better examine rho action, we have combined fluorescent in situ hybridisation using a rho anti-sense RNA probe with detection of Lbe protein. Analysis of stage 11 embryos showed, that rho is expressed in a cell immediately adjacent to lb-positive progenitors (Fig. 2D) , and thus can influence lb-positive lineages. The second identified EP insertion (EP(2)2420) maps to 3 0 untranslated region of yan (Table 1) . When crossed with 24B-GAL4 driver it does not produce the phenotypes specific for GOF of yan. Instead, the homozygous EP(2)2420 embryos display muscle phenotypes (data not shown) and die at the end of embryogenesis, suggesting that the EP insertion affects yan function. Indeed, we observe similar but more penetrant phenotypes in yan null mutants (Fig. 2F ). Compared to rho, yan is thought to produce opposed phenotype. It functions as a negative effector of RTK signalling pathway and its action is blocked by MAPK-dependent phosphorylation. Since MAPK cascade is a common step in transduction of different RTK signals ) the yan loss of function phenotypes are expected to differ to some extent from those produced by GOF of rho.
Increased number of LaPs in both the loss of function of yan (Fig. 2F ) and the GOF of rho (Fig. 2B) indicates that the canonical EGF pathway controls this lb-positive lineage. This possibility is confirmed by the opposed phenotypes detected in embryos over-expressing an activated form of yan (Rebay and Rubin, 1995) (Fig. 2E ) and embryos carrying a null rho mutation (Fig. 2C) . In contrast, distinct effects of gain of yan function (Fig. 2E ) and the loss of rho function (Fig. 2C ) on SBM lineage, suggest that during specification of SBM yan acts in a rho-independent RTK pathway. This possibility is in agreement with large mesodermal distribution of yan transcripts (Fig. 2G) , when compared with localised rho expression (Fig. 2D) . Most precisely, we observe the duplication of SBM in rho mutants (Fig. 2C) indicating that the Rho/EGFR pathway negatively regulates specification of SBM founders. As we also observe a loss of SBM in 24B-GAL4 . UAS-yan embryos (Fig. 2E) , we expect that the specification of SBM requires repression of yan most likely mediated by an other RTK pathway such as FGFR pathway.
Rho and yan control diversification of cardiac lineages and are implicated in cross-repression mechanism
It has been previously shown (Buff et al., 1998; Halfon et al., 2000) that the RTK pathway is implicated in the specification of eve-expressing dorsal acute muscle 1 (DA1) and eve-positive pericardial cells. Our analysis of rho and yan EP lines indicates that these two components of RTK signalling are also involved in cell fate specification of other dorsal mesodermal cells including cardiac precursors. To explore their role in diversification of cardiac lineages we performed triple Tin/Eve/Lbe staining on rho and yan mutant embryos. Compared to the wild type situation (Fig. 3A) , rho GOF mutants show an increased number of tin-only (arrows in Fig. 3B ) and tin/eve-positive pericardial cells (arrowheads in Fig. 3B ) accompanied by a reduced number of tin/lb-positive pericardial cells (asterisks in Fig. 3B ). Some of supernumerary tin-only-and tin/evepositive cells are intermingled with dorsal muscles (Fig. 3B) . A similar, although weaker phenotype is observed in yan mutant embryos (Fig. 3F) . In contrast, rho loss of function results in a massive increase of lb/tin pericardial cells (arrows in Fig. 3C ) and reduction of tin-only and tin/eve pericardial cells (asterisks in Fig. 3C ). The higher number of lb/tin-positive pericardial precursors associated with the loss of tin-only expressing pericardial cells is also observed in embryos ectopically expressing an activated form of yan (Fig. 3E) . Thus, these data indicate that rho-triggered EGFR pathway promotes tin/eve and tin-only pericardial fates, and has a negative influence on pericardial cells co-expressing tin and lb. The slightly increased number of lb cardioblasts in rho mutant embryos (Fig. 3C) , suggests in addition that the EGFR signalling contributes to the specification of cardioblast fates. The precise role of RTKs in cardioblast specification remains to be analysed.
In order to check whether rho and yan are present within the heart field when the cell fate decisions take place, we performed in situ hybridisation using rho and yan specific anti-sense RNA probes. Our analysis clearly demonstrates, that in early stage 12 embryos the rho transcripts are present in at least two dorsal mesodermal cells (Fig. 3D) . According to the previously reported mesodermal expression of rho (Buff et al., 1998) , one of these cells corresponds to the progenitor of eve-positive pericardial cells whereas the second is of unknown identity. Both these cells occupy dorsal-most positions, suggesting they may play a role in activating the EGFR pathway in cardiac cells. Involvement of RTK pathways in diversification of cardiac fates is confirmed by the high levels of yan transcripts within the heart primordium (arrowheads in Fig. 3G ). Another interesting aspect is the co-expression of lb and eve observed in the absence of EGFR pathway (Fig. 3C 0 -C 000 ). Our previous work showed that eve and lb repress each other and thus are never co-expressed in the heart of wild type embryos (Jagla et al., 2002a) . The data presented here reveal that the cross-repression is no longer efficient in the absence of rho (Fig. 3C 0 -C 000 ) or in the presence of activated yan (Fig. 3E 0 -E 000 ). This suggests that the EGF signalling is directly involved in the cross-repression mechanism and therefore, in establishing cell identity within the heart.
Altogether, this analysis revealed that the rho-triggered EGF pathway plays an essential role in diversification of pericardial cells. It promotes tin-only and tin/eve pericardial fates and acts as a repressor of tin/lb-expressing pericardial fates.
New roles for rac2 in the specification of muscular and cardiac cell fates
The Rho GTPase family of genes has been extensively studied, especially in vertebrates, revealing involvement of its members in cytoskeleton organisation, membrane trafficking and cell growth (Fanger et al., 1997; Van Aelst and D'Souza-Schorey, 1997) . In Drosophila, two Rho GTPases, Drac1 and rac2 are implicated in myoblasts fusion. Drac1 interacts with the early fusion gene myoblast city (mbc) (Nolan et al., 1998) , and is thought to be required to rearrange the cytoskeleton during the first events of fusion. Similarly, rac2 appears essential for the formation of syncytial muscle fibres, but its precise role has not yet been elucidated (Hakeda-Suzuki et al., 2002) . In the course of our screen, we have identified three EP insertions (EP(3)3118, EP(3)3226 and EP(3)3227) that map upstream of rac2 (see Table 1 ), and produce loss of muscle and cardiac cells when crossed with 24B-GAL4 driver (see Figs. 4B ,5B). These phenotypes cannot result from muscle fusion defects. Rather, they indicate that the mesodermal over-expression of rac2 affects cell fate specification processes of muscle and cardiac cells. Interestingly, double staining for Lbe and b3-Tubulin, revealing all musculature, clearly shows that the lb-expressing SBM muscle is not the only lateral muscle affected by GOF of rac2 (compare Figs. 4A and 4B ). The influence of altered rac2 function on muscle cell type specification is also detected in rac2 mutant embryos (Fig. 4C,D) . This is particularly obvious when analysing the lb-positive precursors of SBM and LaPs. The number of lbexpressing cells increases and general muscle pattern is abnormal (Fig. 4C) . As shown by double Twi/Lbe staining (Fig. 4D) , the supernumerary lb-positive muscle cells correspond to both the co-expressing twist LaPs (arrowheads in Fig. 4B ) and the lbe-only expressing SBM founders. The presence of additional founder cells in rac2 mutants leads to the formation of supernumerary muscle precursors, and in consequence, to the increased number of small muscles (compare b3-Tubulin pattern in Fig. 4A,C) . In late stage embryos, muscle pattern is severely disorganised, with muscle fibres that are smaller compared to the wild type (data not shown), reflecting the previously described role of rac2 in fusion processes (Hakeda-Suzuki et al., 2002) . Rac2 mutants display also an increased number of lbe/twi-positive LaPs and twi-only expressing adult muscle precursors (compare Figs. 4D with 2A) . Altogether, The analysis of the eve, lb and tin-expressing heart cells involved rac2 in diversification of cardiac lineages as well. Rac2 over-expression driven by the identified EP lines (see Table 1 ), leads to phenotypes with relatively low penetrance. The number of eve-expressing pericardial cells is reduced in about 25% of the analysed embryos (Fig. 5B) , with no major changes in the number of lb-positive cardioblasts and pericardial cells (data not shown). Much more severe alterations are observed in rac2 loss of function mutant embryos (Fig. 5C,E) . The population of eve-expressing pericardial cells as well as DA1 muscle founders were enlarged (Fig. 5C,E) . Interestingly, in segments in which eve-positive cells are overproduced we do not observe major changes in the specification of lb-expressing cardiac cells (compare Fig. 5D,E) . To check whether rac2 is implicated in both, the cardioblast and the pericardial cell fate determination, we have stained embryos with anti-Tin antibody. In wild type embryos (Fig. 5F ), in each abdominal hemi-segment, Tin labels four dorsally aligned cardioblasts and 4-6 more laterally located pericardial cells, amongst which are eve-positive pericardial cells. In rac2 mutants (Fig. 5G) , the number of Tin-positive cardioblasts appears unchanged whereas the population of pericardial cells increases to 8-10 cells per hemisegment. This suggests that rac2 contributes to the specification of a proper number of pericardial cells and has no major role in the specification of tin-expressing cardioblasts.
To check whether rac2 can exert this early cell fate specification function, we performed fluorescent in situ hybridisation with an anti-sense rac2 RNA probe combined with the detection of Lbe protein. As shown in Fig. 6A , in early stage 12 embryos, rac2 transcripts are distributed in whole somatic mesoderm and at lower levels within the cardiac mesoderm. At the time the cell fate specification processes take place, rac2 transcripts are present within the heart area (arrowheads in Fig. 6B ) but do not co-localise with lb-positive cells. In contrast, in the lateral somatic mesoderm, a low level of rac2 transcripts is associated with lb-expressing nuclei of muscle cells (arrows, Fig. 6C ). These observations, together with the previously described phenotypes, strongly support the role of rac2 in diversification of lb-expressing muscle cells, and provide explanation of why the lb-positive cardiac cells are not affected in rac2 mutants.
Muscle and heart phenotypes induced by EP insertions upstream of predicted genes
From the 18 identified EP insertions upstream of predicted genes (Table 2) , we found that for 9 (50%) the vertebrate homologues have been reported and their biological functions at least partially described. Using systematic analysis of gene expression patterns available through a BDGP link (http://www.fruitfly.org/cgi-bin/ex/ basic.pl), we have defined whether the identified candidates are expressed at the right time to exert the cell fate specification functions (see Table 2 ). Amongst the predicted genes, we have identified a slimb like-gene CG1523 encoding a WD domain-encoding protein involved in ubiquitination. The EP(3)0313 inserted upstream to CG1523, when crossed with 24B-GAL4 driver, leads to the reduction of the number of both, lb-and eve-expressing cells (Fig. 7C,D) , suggesting a potential role of CG1523 in promoting ubiquitination of one or more general myogenic factor(s). Similar effect can be observed in embryos issued from the cross between 24B-GAL4 flies and EP(3)0414 line that carries insertion upstream of CG5555 (Table 2) . This gene encodes an importin-like protein capable of binding NLS sequences and thus regulating nuclear import of proteins. As the 24B-GAL4 . EP(3)0414 embryos have a reduced number of lb-positive muscle cells (Fig. 7E) , we hypothesise that the CG5555 gene product may negatively regulate the nuclear translocation of proteins required for lb expression and/or the nuclear import of Lb-protein itself. Another candidate, the CG10967 gene is located immediately downstream of the EP(3)1246 insertion that produces strong cardiac phenotypes (Fig. 7F) . CG10967 encodes the Unc-51 like serine/threonine protein kinase. At the time the cell fate specification processes occur, it is expressed in different cell types including the mesodermal cells (Table 2 ). The observed phenotypes suggest potential role of CG10967 in the phosphorylation of the signalling pathway components governing diversification of cardiac and muscular lineages. A different phenotype is observed in embryos issued from the cross of 24B driver with the EP(3)3197 flies. In those embryos, a discrete population of lb expressing muscle cells appears in some segments close to the normally formed SBM muscles (Fig. 7G) . The EP(3)3197 insertion maps in the vicinity of encoding an IgG domain protein CG4674 gene. The available analysis of CG4674 embryonic expression (see Table 2 ) indicates that the gene is expressed in early stage embryos. Its activity at the time the muscle specification and differentiation occur remains to be analysed. A heart specific phenotype, corresponding to the overproduction of lb expressing heart cells and reduction of the number of eve pericardial cells, is observed in 24B-GAL4 . EP(3)3264 embryos (Fig. 7H) carrying a EP insertion close to the encoding ATP synthetase subunit gene CG1746. This observation suggests that the eve and lb-expressing heart cells have distinct ATP requirements, and that the level of cellular ATP might influence cell fate specification processes. This possibility is in agreement with the previously described cell differentiation, stage-specific control of ATP synthetase subunit e gene expression in C2C12 cells (Levy and Kelly, 1997) . Another type of phenotype is produced by the EP(3)3271 line with the insertion that is supposed to lead to an overexpression of the CG10576 gene encoding a metallopeptidase potentially involved in the control of cell cycle (Table 2) . Interestingly, the 24B-GAL4 . EP(3)3271 embryos display neurogenic-like patches of lb-expressing muscle cells unable to form proper muscle fibres (Fig. 7I) . Taking into consideration important developmental functions of previously described metallopeptidases (Kramerova et al., 2000; Lieber et al., 2002) , we hypothesise that CG10576 might be involved in post-translational modifications of signalling components that control segregation and/or proliferation of muscle progenitor cells. The last presented example of phenotypes (Fig. 7J) concerns the embryos issued from the cross of EP(3)3693 line with 24B-GAL4 driver. In those embryos the number of lb positive cardiac cells is increased with no major changes in the number of eve-expressing pericardial cells (Fig. 7J) . The CG1113 gene that lies immediately downstream of the EP(3)3693 insertion (Table 2) has no previously described functional domains, nor has the identified homologues in other species, however, the observed phenotype suggests its potential role in positive regulation of cardiac lb expression. Further functional analyses are required to define the exact myogenic and/or cardiogenic roles of candidate genes listed in Table 2 .
Discussion
Despite morphological and functional divergences, the molecular program governing early events of muscle and heart formation has been highly conserved from invertebrate to vertebrate species. This conservation includes specification of promuscular and precardiac territories involving a combinatory code of extrinsic Wg/Wnt and Dpp/BMP signalling pathways, as well as activation of intrinsic early mesodermal genes, such as tin/Nkx2.5 (Baylies and Michelson, 2001; Chen and Fishman, 2000; Taylor, 2002) . Although molecular mechanisms of cardiogenesis and myogenesis are intensively studied in different model organisms, the conserved aspects of subsequent diversification of cardiac and muscular lineages remain largely unknown. One recently described conserved component of myogenic cell fate specification machinery is the family of lb/Lbx1 genes (Jagla et al., 2002b) . By identifying the regulators of lb gene family, one can expect to define additional components of the conserved regulatory cascade directing diversification of muscle cells. Our GOF screen in Drosophila was designed to identify regulators of lb genes during specification of mesodermal lineages. To better characterise observed phenotypes, a second cell fate specification marker, eve, was used throughout the screen. The strategy of the screen was designed to identify intrinsic mesodermal factors affecting cell fate specification within the cardiac and the somatic mesoderm. The collection of EP lines (2293 lines) (Rørth, 1996) we have used for the screen has been previously tested leading to the identification of a large number of candidates (Abdelilah-Seyfried et al., 2000; Kraut et al., 2001; Pena-Rangel et al., 2002; Rørth, 1996; Rørth et al., 1998 ). An important advantage of P. Rørth's EP collection is that all the insertions have been cloned and sequenced allowing the direct access to the adjacent genes. In our screen, 60 identified EP insertions map in the vicinity of 31 known genes (Table 1) , and 24 close to 18 predicted genes (Table 2) . Importantly, as much as 84% of candidate genes have vertebrate counterparts suggesting they may contribute to evolutionarily conserved myogenic pathways. Amongst them are rho, yan and rac2 encoding different conserved components of RTKs signalling pathway.
3.1. Novel rho, yan and rac2 functions in the specification of lb-expressing mesodermal lineages
The presented rho, yan and rac2 gain and loss-offunction phenotypes, clearly demonstrate that these genes play critical roles in the specification of lb-expressing mesodermal lineages. We observed that, when overexpressed, the regulator of EGF-ligand maturation rho ) is able to induce specification of an increased number of lb-positive lateral adult muscle precursors (LaPs). Consistent with this observation, the GOF of a negative effector of RTKs signalling yan leads to the loss of LaPs. Interestingly, the large number of LaPs in rho GOF embryos suggests that during segregation of the LaPs progenitor, the Notch-mediated lateral inhibition is affected. The antagonistic activities of the EGFR and the Notch signalling pathways have been recently reported (Culi et al., 2001) , thus indicating that the excess of EGFR signalling can overrule the lateral inhibition during specification of muscular progenitors. The highly restricted mesodermal expression of rho suggests, however, that in wild type embryos the rho-trigerred EGF signals can interfere with lateral inhibition only in a subset of promuscular clusters. This indicates that other RTKs contribute to the negative interactions with Notch, a possibility documented by the recent work of Carmena et al. (2002) . Taking into consideration all the available information, we speculate that the ectopically expressed rho induces the EGFR pathway that antagonises Notch dependent lateral inhibition, specifically during segregation of LaPs progenitor. This results in promoting the LaP fate. Since in rho and yan mutants the SBM is duplicated, we propose that during specification of SBM founder the repressive action of yan is relieved by a Rho/EGFRindependent RTK pathway.
The loss of both, the SBM and the LaPs, is also observed in embryos over-expressing the Rho-GTPase Rac2. This was surprising as the previous reports suggested the involvement of rac2 in myoblast fusion processes (Hakeda-Suzuki et al., 2002; Nolan et al., 1998) . Since loss of rac2 function confirms its role in cell fate specification decisions and leads to the overproduction of lb positive muscle cells, we hypothesise that rac2 might exert this new function by interacting with RTK signalling components. The implication of Rho-GTPases in linking the ligand -receptor interactions has been documented in a number of biological responses (for review see Aspenstrom, 1999) . The multitude of proteins involved in Rho-GTPase signalling is presumably a consequence of the numerous biological processes controlled by this family of genes. One potential way by which rac2 might exert the cell fate specification functions is the control of growth factor receptor trafficking and degradation. This possibility is in agreement with previously described implication of vertebrate Rho-GTPases, RhoA, RhoB and Rac in cellular trafficking of the EGFR (for review see Carpenter, 2000) . It has been shown that the ligand-bound EGFR undergoes trafficking events that relocalise the receptor to the clathrin coated pits on the cellular membrane and then promote its internalisation (Di Fiore and Gill, 1999) . The most important step in intracellular processing of EGFR is the formation of Multivesicular Bodies (MVB), which direct the EGFR either to the recycling or to the degradation pathways. One of the small Rho-GTPases: RhoB, was found to be specifically associated with MVB, and when over-expressed, able to promote the EGFR degradation (Gampel et al., 1999) . The potential RhoB-like role of Drosophila rac2 in directing the RTKs to degradation is in agreement with the overproduction of lb-expressing muscle cells in rac2 mutants. The phenotype is reminiscent to that observed in mutants for the negative RTK effector Yan.
Our data also demonstrate new roles for rho, yan and rac2 in the specification of cardiac lineages. Interestingly, mutations of rho and rac2 affect specification of pericardial cells with no major effects on cardioblast identity. yan loss and GOF leads to even more pronounced phenotypes suggesting that, in addition to EGFR, other RTKs are involved in diversification of cardiac fates. It has been previously described that rho and Ras/MAPK pathway influence specification of eve-expressing pericardial cells (Halfon et al., 2000) . Our data show in addition, that rho represses and yan promotes specification of lb-positive pericardial cells. Surprisingly, in rho mutants, the supernumerary lb-positive pericardial cells co-express eve, a situation never observed in wild type embryos because of mutual repressive activities of eve and lb (Jagla et al., 2002a) . This suggests that the cross-repression to occur requires the co-ordinated action of identity gene products and effectors of RTK signalling pathway. The overproduction of tin/eve-positive pericardial cells observed in rho GOF and in rac2 loss of function mutants suggests that the diversification of this particular cell type involves a rac2-dependent trafficking of EGF receptor.
It will be of future challenge to unravel whether Drosophila rac2 indeed co-operates with cell fate specification machinery by controlling the intracellular processing of EGFR and others RTKs.
3.2. Are rho, yan and rac2 members of a conserved myogenic cascade?
Rho belongs to a large family of intermembrane serine proteases regulating the EGF-like ligand maturation in different species from prokaryotes to Human . One of the mouse rho homologues, ventrhoid, exhibits a very dynamic expression in central nervous system and forming somites (Jaszai and Brand, 2002) , suggesting it may regulate early cell fate specification genes in a manner similar to that in which rho regulates lb in Drosophila. Several yan-like genes have also been identified in vertebrates. Two human yan homologues, named tel1 and tel2 (Mavrothalassitis and Ghysdael, 2000; Potter et al., 2000) share similar mesodermal embryonic expression pattern restricted to hematopoietic lineages. In addition, in adult mouse, tel1 is expressed in the heart and in skeletal muscles. As in Drosophila, yan functions with its closely related partner pointed. It is important to note that the vertebrate pnt genes ets-1 and ets-2 are involved in early embryonic heart and muscle development (Maroulakou et al., 1994; Meyer et al., 1997) . The numerous vertebrate homologues of our third candidate gene, the Rho-GTPase rac2, control a variety of cellular processes including actin polymerisation, integrin complex formation, cell adhesion, membrane trafficking, cell cycle progression, and cell proliferation (Van Aelst and D'Souza-Schorey, 1997). The majority of them are ubiquitously expressed, including the developing muscular and cardiac tissues (Van Aelst and D'Souza-Schorey, 1997), but their myogenic functions have not yet been investigated. The vertebrate Rac2 gene is specifically required for hematopoiesis (Williams et al., 2000) . Its mutation in mice leads to the defective neutrophil cellular functions reminiscent to the human phagocyte immunodeficiency. The only described link between Rho-GTPases and muscle concerns the binding and activation of a Serine/ Threonine protein kinase homologous to myotonic dystrophy kinase by a small GTP binding protein Rho (Ishizaki et al., 1996) . We speculate, however, that given the involvement of RhoB in EGFR trafficking (Gampel et al., 1999) , the vertebrate Rho GTPase can contribute to RTKs controlled myogenic pathways.
Altogether, these data suggest that the RTK signalling involving rho, yan and rac2 might play an important and at least partially conserved role in diversification of cardiac and muscular lineages.
Experimental procedures
Drosophila stocks
The EP collection was supplied by the Szeged Stock Centre. 24B-GAL4 effector line was amplified and virgin females were used to cross with males from individual EP lines. Rho ve1 ; rho 7M43 ; yan 1 mutants and UAS-GFP.nls used in this study are referenced, respectively, as #628, #1471, #3101 and #4775 in the Bloomington Stock. UAS-rho and UAS-yan act (Rebay and Rubin, 1995) were kindly provided by S. DiNardo and rac2 D (M393) (Hakeda-Suzuki et al., 2002) by B. Dickson.
Immunocytochemistry
Embryos were collected from grape-juice agar plates, dechorionated, devitellinised and stained with the following primary antibodies: monoclonal anti-Lbe 1:1 (Jagla et al., 1997b) ; rabbit anti-eve, 1:2000 and guinea pig anti-eve, 1:1000 (provided by D. Kosman); rabbit anti-Twi 1:500 (provided by F. Perrin-Schmitt); rabbit anti-Human Phospho-Histone H3 1:200 (Upstate Biotechnology); rabbit antiTin, 1:500 (provided by M. Frasch); rabbit anti-DMef2, 1:1000 (provided by H. Nguyen), rabbit anti-beta-3 Tubulin, 1:1000 (provided by R. Renkawitz-Pohl), and rabbit anti-bgalactosidase, 1:5000 (Cappel Laboratories).
Secondary antibodies diluted 1:300 are coupled with Cy3, Cy5, Biotin (Jackson ImmunoResearch) or Alexa 488 (Molecular Probes). Streptavidin-DTAF diluted 1:300 (Jackson ImmunoResearch) was added when biotinylated secondary antibody was used.
In situ hybridisation
Full-length rho cDNAs was kindly provided by A. Michelson. A 521 bp fragment of yan cDNA and a 354 bp fragment of rac2 cDNA were cloned in TOPO TA vector (Invitrogen). RNA riboprobes were synthesised using DIG RNA Labelling Kit (Roche). Hybridisation was made according to Zaffran and Frasch (2000) . Direct detection was performed using anti-DIG coupled to Alkaline Phosphatase primary antibody and BCIP/NBT as a substrate. For fluorescent detection, we used sheep anti-DIG primary antibody (1:1000 Boehringer), followed by biotinylated anti-sheep antibody (1:500 Jackson ImmunoResearch). Peroxidase was added with ABC kit Elite (Vectastain) and coloration was performed with direct-TSA Fluorescein System (NEN). Fluorescent Lbe protein staining was then done under usual conditions (Jagla et al., 1997b) .
Whole-mount embryos were scanned on an Olympus FV300 confocal microscope.
